A multisatellite image-processing system can improve near-real-time precipitation measurement in remote, ungauged areas.
Figure 1. The cloud image segmentation, feature extraction, classification, and rainfall estimation of the Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks Cloud Classification System (PERSIANN-CCS) algorithm. Geostationary satellites used include Geostationary Operational Environment Satellites (GOES) 8 and 10, Geostationary Meteorological Satellite (GMS), and Meteosat 6 and 7. Polar and near-polar instruments contributing data include Precipitation Radar (PR), Tropical Rainfall Measurement Mission (TRMM), TRMM Microwave Imager (TMI), Special Sensor Microwave Imager (SSMI), the Advanced Microwave Scanning Radiometer (AMSR), the NASA Earth Observation System (NASA-EOS), the AMSR for EOS (AMSR/E), the EOS
Satellite-based precipitation retrieval algorithms use information from visible to longwave-IR images from Geostationary Earth Orbital (GEO) satellites and passive/active microwave images from Low Earth Orbital (LEO) satellites. GEO satellites provide more frequent observations at every 15-30 minutes, but their information is only indirectly related to surface rainfall. Passive microwave (PMW) sensors on LEO satellites give more direct sensing of rain clouds. Their low sampling frequency, however, limits the effectiveness of the rainfall measurement in high temporal and spatial scales. Effective integration of LEO and GEO satellite information is critical for improving rainfall measurement at short-time scales.
Our algorithm, Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PER-SIANN), provides global precipitation estimates using combined GEO-IR and PMW precipitation data from multiple GEO and LEO satellites. [3] [4] [5] [6] The algorithm uses an artificial neural network to extract cold cloud pixels and their neighboring textures from the GEO-IR imagery, and associates variations in each pixel's brightness with temperature to estimate the pixel's surface rain rate. GEO-IR-based precipitation estimates are further adjusted by the PMW precipitation estimates, using the data from LEO satellites. A feedback process using the PMW estimates as the reference surface precipitation for the adjustment may further improve estimate quality. We are currently working to improve the data quality and resolution of the multisatellite precipitation estimation algorithm. These improved features include multispectral images for cloud classification, precipitation tracking/advection, and nearreal-time adjustment of estimates. 6, 7 The recently developed PERSIANN Cloud Classification System (PERSIANN-CCS), for example, implements image processing and pattern classification techniques based on analysis of GEO-IR cloud images. [8] [9] [10] Continued on next page Rainfall estimation from the PERSIANN-CCS is shown in Figure 1 . First, image segmentation is used to separate cloud patches from their image background using a watershed delineation process. This is followed by extraction and classification, in which cloud patches are treated as independent objects and described by object features such as patch coldness, size, shape, and texture. Classification of cloud-patch objects is achieved through an unsupervised self-organizing feature-map clustering scheme. When patch rainfall is assigned to a classified patch group, it establishes an interpretative relationship between the cloud-patch property and rainfall. The classified patch group's rainfall distribution is described by a set of GEO-IR brightness temperature and rainfall rate (T b -R) functions. Parameters of the nonlinear T b -R functions are calibrated from the spatial and temporal co-located satellite image and radar/PMW rainfall images.
The Center for Hydrometeorology and Remote Sensing (CHRS) at the University of California, Irvine-with support from NASA, the National Oceanic and Atmospheric Administration (NOAA), the US Army Research Office, and the United Nations Educational Scientific and Cultural Organization's International Hydrological Program (IHP)-has been building capacity for forecast and mitigation of hydrologic disasters. A near-real-time global precipitation server 2 provides visualization and mapping of satellite-based precipitation estimates at 0:04 ı 0:04 ı latitude-longitude spatial resolution using realtime implementation of the PERSIANN-CCS (see Figure 2) . The interface to PERSIANN-CCS data allows for ease of access, rapid image rendering, interface simplicity, hydrologically relevant functionalities, and portability to other mirror sites. To assist the user's interaction with the site, several multilanguage tutorials have been made available on the YouTube 11 and Hydis 12 websites.
PERSIANN-CCS produces near-real time precipitation data, which is useful for operational flood forecasting and hydrologic data assimilations. PERSIANN products have been applied to a number of hydrologic studies, including validation of daily rainfall and diurnal rainfall patterns against observations provided by the field campaign measurement over the Amazon region; comparison of mean areal precipitation with rain gauge and Nexrad estimates; evaluation of the MM5 (Fifth-Generation Penn State/NCAR Mesoscale Model) numerical weather-forecast model estimates over the southwest US, Mexico, and adjacent oceanic regions; assimilation into a Regional Atmospheric Modeling System model for the southwestern US to investigate land-surface hydrologic processes including soil moisture, merging gauge and PERSIANN data over Mexico; and application of PERSIANN rainfall to the runoff forecasting of several basins in the US and after severe storm events such as hurricane Katrina (see Figure 3) . PERSIANN-CCS is effective in providing near-real-time precipitation estimation at 0:04 ı 0:04 ı latitude-longitude resolution covering the area of 60 ı S to 60 ı N. Rainfall measurements are critical for a variety of applications, especially for flood forecasting. Our future work will extend satellite-based algorithms' capabilities to capture warmer rainfall, to employ multispectral images, and to include recent developments in cloud development modeling, satellite cloud-feature extraction, cloud image tracking, geostatistics and sequential filtering theory for rainfall measurement. [7] [8] [9] [10] 13 Funding Soroosh Sorooshian is a distinguished professor in the departments of Civil and Environmental Engineering and Earth System Science, and director of CHRS. His areas of expertise are hydrometeorology and climatology, water resources engineering, hydrologic modeling, and application of remote sensing to earth science problems.
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